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INTRODUCTION 
The body weight of an animal, by its very nature is a 
complex function of many processes, and is therefore 
influenced to a large degree by extraneous effects (environ­
mental) and usually to a lesser degree by intrinsic effects 
(genetic)„ In all mammalian species, the pre-weaning growth 
of the offspring is highly dependent on the maternal en­
vironment* This period of growth consists of two distinct 
phases, ioe., intra-uterine growth and post-partum growth. 
Post-partum growth in domestic animals is the more econo­
mically important phase and is characterized by a relatively 
high growth rate. This phase may also be broken up into 
two periods. In swine there is a period of growth, from 
birth to approximately 21 days of age, during which it seems 
as if the progeny rely nearly exclusively on the milk supply 
of the dam as their source of nutrition» This is followed 
by a period from 21 days to weaning, during which more and 
more reliance is placed on sources of food other than that 
obtained from the dam, until an abrupt cessation at weaning. 
The economic importance of weaning and earlier weights 
lie entirely in their relationship to slaughter weight. 
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However, of the relationship between any weights, the only 
portion of permanent importance is the genetic relationship. 
If early weights are genetically highly correlated to 
final weight at slaughter, they would offer an aid to 
selection which would be invaluable to breeders. 
In traits, such as pre-weaning weights, a permanent 
environmental change can be accomplished by selection for 
maternal ability. This genetic maternal environment can 
be measured in the performance of the progeny. The genetic 
expectations for the covariances of different relatives 
involving maternal effects have been worked out by Dicker-
son (1947) and generalized by Willham (1953). 
The fixed environmental effects influencing a popula­
tion can be controlled by design, or can be estimated and 
removed by appropriate statistical analysis and adjust­
ments, if they are of significance. Knowledge of the 
genetic relationship between individuals of the population 
allows estimates of the genetic parameters to be made. 
The amount of confidence placed in the genetic, as 
well as the environmental estimates depends on the size 
of the population studied. Estimates of genetic para­
3 
meters obtained from the literature were usually from rather 
small and heterogeneous populations and often varied con­
siderably. 
It was thus the purpose of this study to examine the 
genetic relationships, especially the maternal genetic 
effects of birth, 21 and 42-day weights. Two large dis­
tinct breed groups, viz. Durocs and Hampshires, which had 
been treated identically and whose pedigrees contained 
cousin relationships, provided excellent data. 
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REVIEW OF LITERATURE 
Fixed Effects 
Years and seasons 
Environmental effects due to years or seasons are 
caused by intangible effects of temperature, humidity, 
nutrition and disease, and have been found to contribute 
a significant fraction of the total variation in popula­
tions studied. Lush, Hetzer and Culbertson (1934) es­
timated 5%, and Fredeen and Plank (1963) estimated 10% 
of the total variation of birth weight to be due to years. 
Estimates of the effects of years on weaning weight were 
1% by Bywaters (1937) and 8% by Fredeen and Plank (1963). 
Most workers analyzed their data within years and seasons, 
while others used least squares constant estimates to 
correct their data (Cox, 1967), 
Sex 
Males were found to be significantly heavier than 
females (Cox, 1967), and sex accounted for 1.3% (Hetzer, 1931), 
1=0% (Lush, et alo, 1934), 5.0% (Craig, Norton and Terril, 
1956) and 1.7% (Fredeen and Plank, 1963) at birth and 3.0% 
at 21 days of age and weaning (Craig, et al., 1956), of the 
total variation. However, at weaning, sex differences were 
5 
not significant (Bywaters, 1937 and Fredeen and Plank, 
1953) . 
Lush, et al. (1934) and Bywaters (1937) regarded sex 
as a genetic effect, while most other authors have re­
garded sex as an environmental effect. Fredeen and 
Jonsson (1957) found large differences in estimates of 
the sire components for the gain of the sexes (males= 
0.665 and females=0.351), which they thought may have 
been due to puberty. 
Litter size 
Lush, et al. (1934) found the relationship between 
litter size and birth weight to be curvilinear with the 
maximum weight occurring in litters from 3 to 5 pigs. 
Competition between the fetuses was regarded as being 
the major influence of litter size on birth weight. 
Hetzer (1931) also found pigs from litters of less than 
four to be lighter than those from litters greater than 
four at birth. Cox (1967) grouped litters of four and 
less and those of 15 and greater and found that the effect 
of litter size on birth weight was linear. 
The proportion of the variance in weights accounted 
for by litter size was 7% (Lush, et al., 1934; Hetzer, 
6 
1931; and Fredeen and Plank, 1953) at birth and 3% (By-
waters, 1937) and 6% (Fredeen and Plank, 1963) at 56 days 
of age. 
Litter size at birth had a large effect on survival 
which, in turn, was related to birth weight (Winters, 
Gumming and Stewart, 1947; Lodge, 1961, and McBride, Wyeth 
and Hodgens, 1964). Lodge (1951) found the correlation 
between birth weight and litter size to range from -.55 
to -.72. 
Age PL dam or parity 
Nordskog, Comstock and Winters (1944) found age of 
dam to contribute 7.5%, 18.8% and 21.5% of the variance 
for weight at birth, 21 and 55 days of age, respectively. 
Age of dam contributed significantly to the variation in 
all data reviewed and the largest effect occurred between 
weights of gilt litters and litters from older dams 
(Bywaters, 1937; Lush and MolIn, 1942; Korkman, 1947; 
and Cox, 1967). 
Lush and MolIn (1942) indicated that a perfect age 
correction would have to be multiplicative, and Korkman 
(1947) found indications of an increased variance of 
weights with an increase of parity. Park (1964) found 
some indication of a breed by parity interaction for 
weights of Duroc and Hampshire pigs. 
Random Effects 
Non-specific environmental influences (within litter 
variance) 
The within litter variance contains the environmental 
variation which is not accounted for in the statistical 
model, in addition to about half of the genotypic variance. 
Various estimates of the proportion of the total variation 
due to the within litter variance for the three weights 
are presented below: 
Trait (weight) 
Author birth 21 day weaning 
Lush, et al. (1934) 0.47 
Bywaters, (1937) 0.42 
Baker, et al. (1943) 0.51 0.46 0.37 
Nordskog, et al. (1944) 0.59 0.45 0.46 
Krider, et al. (1946) 0.55 0.46 0.54 
Craig, et al. (1956) 0.44 0.44 0.46 
Lush, et al. (1934) pointed out that part of the 
within litter variance may have been due to weighing 
errors, while Bywaters (1937) attributed much of the 
within litter variance to runts which, in part, may have 
been due to accidents of the mammae, as pigs tended to 
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use the same nipple most of the time. Korkman (1947) 
found that 21-day weight, as well as the number alive, 
was affected by the number of teats. 
Lodge and McDonald (1959) found that 80% of the with­
in litter variance of 21-day weight could be accounted 
for by the amount of milk consumed plus birth weight, 
while the amount of milk consumed alone accounted for 
67% of the variation. Similarly, of the variation in 
56-day weight, 42% was due to the amount of milk consumed 
plus birth weight, and 25% by the amount of milk consumed 
alone. McBride, et al. (1965) found that the following 
effects contributed to the within litter variance of 
weaning weight; birth and 21-day weight, 19% and 21% 
respectively; social rank, 17% and teat order, 5%. 
Between litter effects 
The portion of the variance due to the litter environ­
ment includes the effects of all factors which affect all 
the pigs of the litter, e.g., the milking ability of the 
dams (Baker, Hazel and Reinmiller, 1943), and is a measure 
of the phenotypic correlation between full sibs (Kemp-
thorne, 1957). Various estimates are shown below; 
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Author Weights 
Birth 21 Day 42 Day 
Lush, et al. (1934) 0.47 — — — -" — 
Bywaters (1937) — — — 0 .42 
Baker, et al. (1943) 0.49 0.50 0 .48 
Nordskog, et al. (1944) 0.34 0.37 0 .32 
Krider, et al. (1946) 0.40 0.40 0 .33 
Dickerson & Grimes (1947)0.36 — — — -
Cockerham (1952) — — — 0 .38 
Craig, et al. (1956) 0.28 0.27 0 .29 
Willham & Cox (1961)^(a) 0.33 0.45 0 .51 
. (b) 0.08 0.29 0 o
 
o
 
Cox (1967) 0.28 
— 
Genetic and permanent environmental effects 
Lush (1940, 1949) dealt extensively with the estima­
tion of heritability„ Estimates obtained by the various 
methods are shown below : 
Author 
Paternal half sibs (P.H.S.) We iqhts 
Birth 21 Day 42 Dav 
Hetzer (1942) 0.16 0.10 -0.05 
Baker, et al. (1943) -0.0 0.04 0.15 
Nordskog, et al. (1944) -0.0 -0.0 0.0 
Krider, et al. (1946) 0.05 0.24 0.14 
Korkman (1947) 0.12 
Craig, et al„ (1956) 0.28 0.30 0.24 
Cox (1967) 0.02 — 
(a) intra-class correlation among full sibs. 
(b) Correlation aunong full sibs due to genetic 
differences. 
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Dam-offspring regression (b^ ^  Weights 
Birth 21 Day 5.^ Day 
Bywaters (1937) 
Nordskog, et al. (1944) 
Dickerson & Grimes (1947) 
Blunn & Baker (1949) 
Cockerham (1952) 
0.14 -0.6 
0.12  
-0.21 
0.06 
Maternal half sibs^(M.H.S.) 
Lush & Mclln (1942) 
Hetzer (1942) 
Korkman (1947) 
King & Gajec (1969) 
— — —  0 . 1 6  
0.18 0.24 0.36 
0 « 12 
0.19 
0 . 2 2  
Lush (1951) gave reasons for negative dam offspring 
regressions and Cockerham (1952) extended these concepts 
Lush, et al. (1934) thought that part of the between 
litter variance may have been due to maternal genetic 
effects. More recently, Chapman (1946), Dickerson (1947 
1969), Koch and Clark (1955), Kempthorne (1957) and 
Willham (1963) have shown that certain covariances betwe 
relatives contain maternal genetic effects as well as 
covariances between the direct and the maternal genetic 
effects. The maternal genetic influence contributes an 
environmental effect to the offspring, but is genetic in 
^Estimates of the intra-class correlation (t) 
between maternal half sibs. 
^Total birth weight used. 
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the sense that the genotypic differences among dams are 
expressed in the phenotype of their offspring (Willham, 
1963) . 
Maternal effects were worked out in detail by Kemp-
thorne (1957) and he states that maternal effects which 
are not genetically determined present no problem, as 
they merely contribute an environmental correlation between 
full sibs and maternal half sibs„ Assuming that the geno­
typic value of an individual is determined additively by 
the joint effect of the genes possessed by the individual 
and by the effect of the maternal genotype, the following 
array is obtained: 
Genotype of mother 
AA Aa aa 
Genotype AA D+d H+d R+d* 
of Aa D+h H+h R+h 
individual aa D+r* H+r R+r 
where D, H and R and d, h, and r are the coded values for 
the contributions of the dam and the progeny, respectively* 
The situation is under the control of one locus, but there 
are nine "genotypic" values„ Kempthorne (1957) points 
•Indicates impossible events normally, and can only 
be achieved by mutation and implantation» 
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out that this may conflict with the term as originally 
defined and suggests that perhaps "true phenotypic value" 
should be used. 
The variance of the maternal contribution is V(Gm)= 
2  * 5  ^ 2 2  p D +2pqH 4q R and the genotypic variance of the individual 
is v(Go)=p^d^+2pqh^+q^r^. The variance of the "true 
phenotypic value" is ûhen V(Ao)+V(Am)+V(Do)+V(Dm)+2pq aB, 
where A and D denote the additive and dominance variances, 
the subscripts denote the offspring (o) and dam (m), and a 
and B are the average effects of the gene substitutions. 
Willham (1963) generalized the components of genetic 
variance to include the indirect genetic variance and the 
direct-indirect covariance, and noted that cousin relation­
ships were well-suited to study the genetic maternal per­
formance. Dickerson (1947) reasoned that the actual re­
sults to be expected from selection for a given trait are 
affected not only by the direct additive genetic variance, 
but also by that due to the additive maternal genetic 
variance, and by any tendency of direct and maternal 
effects to supplement or cancel each other. 
Willham and Cox (1961) concluded that most of the 
genetic differences at 21 days were due to maternal per­
13 
formance, and that genetic causes of likeness among full 
sibs decreased in importance from 14 to 42 days. They sug­
gested that either the genetic differences in maternal per­
formance were becoming less important as age increased, or 
that there may have been a negative genetic correlation be­
tween maternal performance of the dam and the individual 
growth of her offspring during the late preweaning period. 
Evidence on the importance of the direct-maternal gene­
tic covariance for weights in a number of species has indica­
ted that these estimates were negative, e.g., swine (Dicker-
son, 1947; Dickerson and Grimes, 1947, and Bradford, et al., 
1958), cattle (Koch and Clark, 1955, Everett and Magee, 1965; 
Hill, et al., 1966; Brown and Galvez, 1969, and Deese and 
Koger, 1967), mice (Chapman, 1946 and Falconer, 1955) and 
Drosophila (DeFries and Touchberry, 1961). 
The genetic expectations of various covariances between 
relatives containing maternal effects are given by Willham 
(1963), Eisen (1967) and Dickerson (1969). The maternal half 
sib correlations contain, in addition, the effect due to the 
permanent maternal environment and can therefore be used to 
estimate the repeatability of the sows' productivity (Lush 
and Molln, 1942). 
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Phenotypic correlations between weights on the same animal 
The observed phenotypic correlation between two traits 
measured on the same animal could be due wholly to environ­
mental circumstances or to genes which affect both traits, 
or to a combination of the two causes (Hazel, 1943). 
Phenotypic correlations between weights at birth and 
21 days, birth and weaning and 21 days and weaning, have 
been moderately high; 0.62, 0.35 and 0.47 (Donald, 1939) 
and 0,55, 0.44 and 0.73 (McBride, et al., 1965). Correlations 
of 0.49 and 0.53 were found between birth and weaning by 
Whatley (1939) and Blunn and Baker (1949) respectively, 
while Blunn and Baker (1949) reported correlations of 0.40 
and 0.63 between weight at birth and 154 days and between 
weaning and 154 days. Dickerson and Grimes (1947) reported 
a correlation of 0.61 between birth weight and 72-day weight. 
Genetic correlations between traits 
The method of estimating the genetic correlations 
were given by Hazel (1943) and Hazel, et al., (1943). 
Koch and Clark (1955) indicated that the covariance estimates 
obtained from dam offspring relationships for traits that 
are influenced by the maternal environment are not suitable 
for the estimation of genetic correlations, because the 
15 
expectation is a complex function of genetic correlations 
between traits, the direct maternal environment and the 
correlation between the genotype for maternal environment 
and the traits in question. In this regard, Robertson 
(1955) distinguishes between overall genetic correlations 
and additive genetic correlations. Reasons for negative 
genetic correlation have been postulated by Cockerham 
(1952) and Falconer (1960). 
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SOURCE OF DATA 
The data for the present study were obtained from 
the study of the genetic effects of irradiating swine, 
which was done under contract AT (11-1)-707 between the 
U.S. Atomic Energy Commission and Iowa State University. 
Records were obtained on 34,276 pigs of the Duroc and 
Hampshire breeds from the spring of 1960 to the fall of 
1967 at the Bilsland Memorial Farm near Madrid, Iowa. 
However, for the analyses involved in estimating the 
genetic effects, only the data from the spring of 1963 
to the fall of 1967 was used. This set of data consisted 
of records on 12,192 Duroc and 12,203 Hampshire weights 
of pigs born alive. 
Pairs of full brother sires were mated to 5 to 7 
pairs of full sisters so that double first-cousin families 
were produced. Pigs of a litter were weighed within 1 
day of the last pig being born and again at 21 days and 
42 days of age, when they were weaned. The management 
of the pigs and the experimental design were given in 
detail by Park (1964), Cox (1967) and Cox (1969). 
11 
Each litter was raised separately in the pen in which 
they were farrowed, and this management practice may have 
been unusual in comparison to other systems of management. 
Irradiation treatment had no significant effects on 
weights or gains, nor did it appear to affect the genetic 
or Dhenotypic variation of the population studied (Willham 
and Cox, 1962; Park, 1964 and Cox, 1967). 
The number of litters produced are given in Table 1 
by parity of dam and year season, while the uncorrected 
weights, mean parities and mean littersizes for the year-
seasons are shown in Fig. 1. 
1: 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
The number of litters at birth by parity and year-season 
Year-season 
60 61 62 63 64 65 66 67 Tot. 
S  F  S  F  S  F  S  F S F S F S F S F  
Duroc 
76 70 64 22 49 19 36 53 18 60 9 44 19 34 5 611 
25 51 41 53 13 43 14 34 42 11 48 9 28 8 •21 441 
35 23 21 28 13 18 13 6 42 0 11 4 214 
24 19 14 20 15 11 5 7 23 0 9 147 
19 13 11 17 10 7 5 6 10 0 98 
18 11 10 12 7 5 2 4 7 76 
11 9 9 7 6 5 0 3 50 
7 8 6 6 4 3 1 35 
7 3 5 3 2 1 21 
4 4 2 1 2 13 
4 1 1 0 6 
2 2 0 4 
1716 
Table 1 : (Continued) 
Year-season 
60 51 62 53 54 65 65 67 
SFSFSFSFSFSFSFSF Tot. 
Hampshire 
Parity 
1 28 59 58 75 34 39 30 30 27 35 25 10 37 21 15 15 550 
2 27 41 35 57 25 41 28 28 26 26 20 14 34 13 18 434 
3 26 31 25 3 2 15 21 12 11 17 0 14 12 217 
4 24 22 24 26 15 10 8 10 19 0 7 185 
5 20 20 18 16 9 6 8 7 10 0 114 
6 13 11 14 13 6 7 7 4 1 76 
7 12 10 10 6 5 5 4 4 57 
8 11 6 4 6 5 0 3 35 
9 11 5 4 6 1 3 30 
10 6 3 2 3 1 15 
11 4 4 1 1 10 
12 2 1 3 6 
1729 
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METHODS OF ANALYSIS 
Fixed and Random Effects 
All analyses were done separately for each of the 
breeds and in some instances analyses were done separately 
for each of the sexes within the breeds. 
Interest in the fixed effects of the data centered 
on the computation of constants for main effects and 
interactions, and tests of significance for them so that 
they could be removed by correction. For the random 
genetic effects, the main interest was in the estimation 
of components of variance and covariance. 
The usual assumptions concerning fixed and random 
effects were made for the computations of the expected 
mean squares, i.e., if x is a random effect, then 
E(x)=0, E(x^)= 0^^, , E(x, x')=0 and if 2 is a fixed 
0 2 term, then E(z)=z, E(z^)=z and E(z, z*)=zz'. For all 
models it was assumed that E(x,z)=0, p was a fixed 
number, and eij..n.. was a random effect. 
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Fixed effects 
The method of least squares for which the theory and 
data manipulation is described by Kempthorne (1952) and 
Harvey (1960) was used to obtain estimates of the fixed 
effects. An additive linear model was assumed and is 
described in general terms as follows; 
P 
y^ = Bj+e^ where yj^ is the dependent 
variable, X^j are known constants, Bj are unknown con­
stants and e^ are random errors due to the i^^ observa­
tion. The x^j were chosen to be in the models on the 
basis of a priori knowledge and by trial and error. The 
term arises in part when y^ is not explained in full 
P P 
by L ^i j ® •' restriction that ^^s 
j=l j =1 
imposed to solve for the parameters. 
Where it was considered necessary to include random 
effects in the model, they were absorbed with the overall 
mean into the remaining equations. Where the classifica­
tions were nested, all effects in the hierarchy above 
the effect to be absorbed were automatically absorbed. 
Estimates of the variance of the fixed effects were 
obtained by equating the expected mean squares to the 
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actual mean square and solving for the variances. The 
coefficients for the variances were estimated by the 
following formula: 
2 
= (n.cu — ^n^ .o/n...)/d.f. for main effects, 
and for interactions: 
2 
k.. = (n,„o — n..»/n... )/d.f. 
iJ i»j 
Random effects 
Constant estimates for the fixed effects, obtained 
from the least-squares analysis, were used to adjust the 
data and the analysis for the remaining effects completed 
by using the hierarchial analysis of variance for complete­
ly nested models as described by Kempt home (1957) . This 
approach corresponds to the method II analysis of Hender-
2 
son (1953), except that the coefficients of were 
not adjusted for* 
The covariance between any two traits was obtained 
by using a combination of the traits, e.g„, trait y + 
trait z, as a variable in the analysis of variance. Then 
from the identity; 
V(y+z) = V(y) + V(z) + 2 Gov. (y,z), and 
Gov. (y,z) = (V(y+z) -V(y) - v(z))/2 
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where V{ ) denotes the variance and Gov. ( ) de­
notes the covariance. 
The components of variance and covariance were obtained 
by equating the expected mean squares to their respective 
mean squares. 
Correlations 
General 
The phenotypic value (x) of a trait (y) is the result of 
the average effects of the genes Gy which an animal inherits, 
plus the combined effects of the environment, dominance and 
epistasis (E^). Thus: 
Xy = Gy + Ey — (1), (Hazel, 1943). 
Phenotypic correlations between two traits on the same animal 
The phenotypic correlation (r ) between two traits 
^ ^ xy,xz 
y and z measured on the scmiK animal is: 
^xy,xz " 9y9z ^GyGz ®y®z ^EyEz 
where g =Vheritability = 0% /CT , r = genetic 
^ ^y ^yGz 
correlation, e_, =V{l-h = CT / CT and r = environ-
y y Ey Xy EyEz 
mental correlation, and similarly for trait z (Hazel, 1943). 
The phenotypic variances and covariances were estimated 
from the within litter components plus the compo­
nents due to full sibs. The variance and covariance 
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components were obtained from the three separate hierarchial 
analyses. Therefore, to obtain the complete variance and 
covariance due to full sibs, the components due to litters 
(dams) plus the components for classifications containing 
genetic expectations within which litters were nested was 
used. 
The formula for the simple, or product-moment correla­
tion was used: 
^XyXg = CovCXyXg)/ Vv(Xy) . VCXg). 
Genetic correlations 
The genetic correlations were estimated from the 
genetic variance and covariance components obtained from 
the hierarchial analysis of variance, and from the re­
gressions of offspring on dam as described by Hazel (1943) 
and Hazel, et al., (1943). 
The formula: 
^ GyGz = Gov. (GyGg)/ V V (Gy) . V (G^) . 
was used to obtain the genetic correlation ( ^  G G ). 
y z 
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Gov. (GyGg) = the genetic covariance, and V (Gy) and V (Gg) = 
the genetic variances between traits y and z respectively. 
Hazel, et al., (1943) used the sire component which contained 
only the additive genetic variance. However, in this study, 
components of variance and covariance, the expectations of 
which included genetic maternal and dominance effects, as 
well as the covariances between direct and maternal genetic 
effects were also used. 
To obtain estimates of the genetic correlations from 
the regressions (b) of offspring (o) on dam (d) the 
formula; 
GyGg ~ (^Oydz • ^ ozdy)/(boydy • bozdz^ 
was adopted. This formula is unbiased by selection and 
utilizes most of the information (Hazel, 1943). 
Environmental correlations 
The environmental correlations were obtained from the 
constituent components of the phenotypic correlations as 
follows ; 
^ EyEz - ( ^  XyXg - gygz '^GyGg)/ tySz 
27 
where the definitions for all the symbols were given before, 
Intra-class correlations 
The intra-class correlation (t) measures the additional 
likeness between individuals within a subclass and is com­
puted as the portion of the total variance due to differences 
between subclasses. Intra-class correlations were obtained 
using variance components estimated from three independent 
sets of hierarchial analyses of variance, where each set 
involved different genetic relationships. 
The square root of the approximate variance of the 
intra-class correlation given by Swiger, et al., (1964) 
was used as an estimate of the sampling error. The 
V(t) ci 2(N-1) (l-t)2 [l+(k-l)t] ~/ 
(N-s) (s-1); 
where N = total number of observations, s = number of sub­
classes, and k = coefficient for the expected mean square 
of the subclass. 
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Heritabillties 
General 
Lush (1940) defined heritability (h^) as the fraction 
of the observed phenotypic variance which was caused by 
differences between the genes or the genotypes of the in-
2 dividuals. He also distinguished between h in the narrow 
sense (i.e., containing only additive genetic variance), 
and h in the broad sense (i.e., containing additive as 
well as dominance and epistatic genetic variance). 
Dickerson (1947) defined the fraction of the selection 
differential that would be realized if selection was on 
the phenotype (X^), as the regression of (transmitting 
ability or additive genetic value) on X^. He also showed 
that this included the additive maternal genetic effects 
as well as the covariance between the direct and maternal 
additive genetic effects. 
Resemblances between paternal half sibs and cousins 
Estimates of h^ were obtained using the intra-class 
correlations for which the expectations of the numerators 
were free of environmental effects. These were multiplied 
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by the reciprocal of the genetic relationship so that the 
coefficients were unity. Therefore, the expectations of 
the numerators of different h^ estimates contained varying 
proportions of genetic variances other than the additive 
portion. 
Regression of offspring on dam 
Doubling of the regression of offspring on dam is 
generally one of the most useful estimates of h^ (Lush, 
1940). Lush (1940) also gave the advantages of estimating 
regressions on an intra-sire basis. However, in the 
present analysis, regressions were computed, ignoring 
sires after the data had been corrected for all significant 
fixed effects. Due to the management of the herds and the 
corrections applied, it was considered that the estimates 
obtained would not be biased in any way. An intra-sire 
analysis would also have involved considerable additional 
computation. 
Each dam-offspring pair was weighted equally in 
preference to using the mean pig weight per litter. 
Cockerham (1952) and Kempthorne and Tandon (1953) showed 
30 
that individual records of the progeny regressed on those 
of the dam were unbiased. However, if the number of off­
spring per parent varied largely, the variance of the 
estimate would be larger than if the mean were used* 
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RESULTS 
General 
The unadjusted mean 21 day weights, mean parity and 
mean litter size for the breeds and sexes were shown in 
Fig. 1. The decline in weight from the spring of 1960 
to the fall of 1961 and the spring of 1962 for Durocs and 
Hampshires, respectively, followed by a sudden rise which 
culminated with the peak in the spring of 1963 is, in 
part, due to the increase in parity of the dams. However, 
a comparison of the trend of the mean parity with the 
trend of weight indicates that some other factors which 
could not be accounted for played a large part. It may 
be noted that the pigs from 1960 to 1961 were farrowed 
by purchased damsjand the diversity of origin and early 
management of the gilts may have had some affect on their 
ability to rear their young* 
There also appears to be some form of sex by year-
season interaction for the Durocs, for which there is 
no plausible explanation. Unfortunately, due to the lack 
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of foresight, means for the Hampshire females before the 
fall of 1963 were not extracted from the data. From the 
similarity of the trend in male weights for the two breeds, 
it is possible that a situation similar to the Durocs 
existed for the Hampshires„ 
The trend for the mean parity increased for both 
breeds, but was higher for the Hampshires than for the 
Durocso The only other apparent time trend was a slight 
decline in weights and litter size for the Hampshires. 
Fixed effects 
Sex, litter size and parity were considered as fixed 
effects, while year-seasons were considered as random 
effects„ Various fixed effect models were used in a trial 
and error approach to selecting the most suitable one for 
estimating the fixed effects» The most suitable model 
was regarded as the one having the least number of terms 
for which the error variance remained a minimum. Due to 
the large volume of data, many of the preliminary analyses 
were done for only the Duroc breed. It was considered that 
the results of the fixed effects analyses in one breed 
would be indicative of what might be expected for the other 
breed « 
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Birth weight and litter size at birth refer to the 
weight and the number of all pigs in a litter born alive. 
The weights and litter size at 21 and 42 days of age refer 
to the weight and number of pigs alive in a litter at the 
time of weighing. Differences between weights at 21 days 
of age of pigs that survived to 42 days, and those that 
died between the ages of 21 and 42 days were insignificant. 
Therefore, due to computational convenience, some analyses 
included only the 21-day weights of pigs that survived 
to 42 days. 
A least-squares analysis was applied to all the birth 
weights of the Durées born alive from the spring of 1960 
to the fall of 1967» The model P^, given below was used^ 
and the results are given in Table 2. 
"ijklm = + 1% + Pi + jl + (lP>kl + 
®ijklm *ijklm the birth weight of the 
individual, yj^^the effect of the i^h year-season 
where i=l,2 - - -16, Sj the effect of the sex, where 
i=l,2, 1^ the effect of the litter size, where k=l,2 
- - - 11, p^ the effect of the 1^^ parity, where 1=1,2 
- - -5, the effect of the interaction between the 
Table 2: Least squares analysis for the birth weight of Durocs (Model F^) 
Source  df M.S 
Year-season  
Sex  
Par  i ty  
Li t ter  s i ze  
Linear  
Quadrat ic  
Cubic  
Quardic  
L inear  
Quadrat  i c  
Cubic  
Quardic  
Quint ic  
Res idua l  
Sex  X Par i ty  
Par i ty  x  l i t t ers i ze  
Remainder  
15 
1 
4 
10 
4 
40 
18014 
1 
1 
1 
1 
1 
1 
1 
1 
1 
5 
48.083** 
41.270** 
94.747** 
58=788** 
210.863** 
154.532** 
13 .592** 
0 .002  
567.125** 
1.672 
5.736 
7.565 
3.281 
0.501 
0.491 
2.349** 
0.421 
**  S ign i f i cant  a t  P < .01 . 
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sex and litter size, effect of the inter­
action between the litter size and the 1^^ parity and 
^ and were as defined before. 
Litters of size one to four were grouped as litter 
size one so that litters of size five were equal to litter 
size two, etCw, and litters equal to and greater than 14 
were all grouped together as litter size 11. Parity was 
defined by the litter number of the sow, and all parities 
equal to and larger than five were grouped with parity 
five. The numbers of observations in the extreme litter 
sizes and parities were small, and they were grouped to 
avoid missing subclasses. It was thought that the above 
grouping would not materially affect the outcome of the 
analyses, due to the small numbers involved. 
The sums of squares due to parity and litter size 
which were accounted for by the possible linear to quintic 
regressions were estimated simultaneously in the least-
squares analysis, and are also given in Table 2. 
All the main effects, as well as the interaction 
between parity and litter size were highly significant. 
The linear regressions removed most of the variation 
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due to parity and litter size, although the quadratic 
effect was also highly significant for parity» 
Because the irradiation treatment of the sire, as 
well as difference between individual sires may have been 
an important source of variation, and had not been taken 
into account in the Model a second model was applied» 
The main effects and definitions were the same as for the 
Model F^ with the exception that sires were included in the 
model, and the upper limit for litter size was redefined,, 
so that litters equal to and greater than 11 formed litter 
size eight. Sires were completely nested within year-seasons 
and treatment and were absorbed. All the birth weights of 
pigs born alive from the spring of 1960 to the fall of 1967, 
of both breeds were used, and separate analyses were com­
puted for each of the breeds» The results were similar for 
both breeds and similar to those obtained from the Model F^ 
for the main effects and interact ions = 
The Model F^ was also applied to all the weaning 
weights of Durocs born from the fall of 1960 to the 
spring of 1967, and the results were similar to those 
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obtained for birth weight, with the exception that sex 
was not significant. 
To reduce the large number of levels for the litter-
size by parity interaction a third model, F^, was applied 
which was similar to Py, with the exception that litter 
size was redefined to give only five classes, i.e., 
< 4, 5+6, 7+8, 9+10 and 3 11, and the regressions for 
parity and litter size were not estimated, in order to 
avoid the unexplained weight variations before 1963 (Fig. 1) 
and the confounding of certain parities with year-seasons 
(Fig. 1 and Table 1), the data prior to 1963 were a]so 
omitted from the analyses. All three of the weights of 
both breeds were included in these analyses. 
The results for all three weights, and for the breeds 
were similar to those of the previous analyses (Model Pj^) 
and are given in Table 3. Identical analyses done separately 
for the sexes gave similar results. 
To gauge the importance of the litter size by parity 
interaction, it was omitted from the Model F^ and the 
results for 21 and 42-day weights are given in Table 4 
(Model Pj). A comparison of the results of Tables 3 and 4 
show that there was very little change in the mean 
Table 3: Least squares analysis of variance of individual pig weights for 
Duroc (D) and Hampshire (H) swine (Model F^) 
Mean Squares 
Source 
of 
Variation D. F« Birth Wt. 21-Day Wt. 42-Day Wt. 
D H D H D H 
Lit. Sise 4 
Parity 4 
Sex 1 
L X P 16 
Error* 
78.997. 50„094 251.27 
30.572 32.770 611.22 
33.293 41.559 108.58 
3.345 1.759 30.77 
.417 .336 6.50 
106.07 1304.2 653.3 
764.79 2384.8 3664.2 
103.46 39.3® 14.9® 
144.49 249.1 682.2 
6.89 27.7 26.8 
® Mot significant. All other effects significant at P < .01. 
* Error degrees of freedom. Birth weight D=11931, H=11939; 21-day 
wt. and 42-day wt. D=7702,, H=7655. 
Table 4; Least squeures analysis of the reduced model (littersize x parity 
omitted) of individual pig weights for Duroc (D) and Hampshire 
(H) pigs (Model F^) 
Source 
of 21-Day Wt. 42-Day Wt. 
Variation D. P. D H D H 
Lit. Size 4 278.79 122.85 1594.6 729.2 
Parity 4 807o57 132.32 3028.6 6270.4 
Sex 1 105.80 108.91 36.2^ 12.6® 
Error* 6.61 6.92 27.9 27.1 
* Error degrees D=7718, H=7671. 
^ Not significant, all other effects significant at P < .01 . 
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squares for error and sex, considerable increase in that 
of litter size, and a large increase in the mean square 
for parity. The results for both breeds were similar. 
An identical analysis, based on the average pig 
weight per litter at 21 and 42 days, using the Model Fg 
was run and the results are given in Table 5, (Model 
Fg ). The only highly significant effect (P < .01) was 
parity, while the effect of litter size was just signi­
ficant (P < .05) at 42 days of age. At birth, the 
analyses were computed separately for each of the sexes 
and breeds, and litter size as well as parity had a 
highly significant effect (P < .01), but the litter size 
by parity interaction was not significant. Use of the 
mean pig weight per litter was therefore highly effec­
tive in removing the significant litter size by parity 
interaction effect. 
The least squares constants obtained for the main 
effects from the Model F^, i. e . ,  omitting the litter 
size by parity interaction, were very little different 
from those obtained from the full Model F . Constants 
c 
obtained using the mean pig weight per litter also dif­
fered little from those obtained for individual weights. 
Table 5: Least squares analysis of 21 and 42-day mean pig weights per litter 
for Duroc (D) and Hampshire (H) pigs.(Model P^) 
Source of M. S. 
Variation D. F. 21-day Wt. 42-day Wt, 
Lit. Size 4 
Parity 4 
Sex 1 
LXP 16 
Error^ 
D H 
6.54 5.85 
90.85** 100.48** 
12.54 5.17 
7.60 7.21 
4.79 4.67 
D H 
99.3* 88.4* 
436.3** 487.2** 
13.9 26.3 
20.6 25.1 
17.7 17.4 
^ Error degrees of freedom D=728; H=83 9. 
*,** Significant at P < .05 and P < .01, respectively. 
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The proportion of the total variance contributed by each 
of the effects in Model is given in Table 6. Trends for 
the contributions of the effects were similar for the two 
breeds. The importance of sex declined steadily from 
birth to weaning. Parity was more important at 21 and 42 
days of age than at birth, and the litter size by parity 
interaction effect followed the same pattern as parity* 
The effect of litter size was the reverse of that of 
parity, and was most important at birth* 
The average uncorrected 42-day weights for the litter 
sizes and parities as defined for the Model are shown 
in Fig. 2. The trends in the weights show some reason 
for the interaction observed, especially between litter 
sizes one and two* 
Analyses were therefore run independently for each 
litter size and for each parity where litter size and 
parity were defined as for the Model F^„ The analyses 
were computed for all the weights, as defined before, col­
lected from 1960 to 1967» Separate analyses were run for 
the average pig weight per litter, and individual pig 
weight for each sex and breed. For the average pig weight 
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FIG. 2. Averagr 42 day weights for Duroc anri Hampshire pigs for 
litter size and parity 
Table 6: The proportion of the variance contributed by the fixed effects 
Source of Duroc Hampshire 
Variation Birth 21 day 42 day Birth 21 day 42 day 
Lit. Size (L) 
Parity (P) 
I<XP 
Sex 
10.2 
2.6 
0.9 
1.1 
2 . 2  
5.8 
0.7 
0.3 
2 . 8  
4.9 
1.5 
0 
7.1 
3.6 
0.5 
1.7 
0.9 
6.3 
3.8 
0.3 
1.4 
7.8 
4.7 
0 
49 
per litter, the following hierarchial Model was used: 
"ijk = P + ?! + =ii + ®ijk 
where x was the average pig weight per litter at birth, 
13K 
21 and 42 days of the litter, of the sire and in 
the i^^ year-season, where i = 1,2 - - - 16. 
For individual pig weights, the following hierarchial 
Model R2 was used: 
*iiki = P + *1 + Si] + hjk * ®ijki 
where was the individual pig weight at birth, 21 
and 42 days of the 1^^ pig in the litter, of the 
sire and in the i^^ year-season, where i = 1,2 - - - 16. 
The error variances for the analysis of average pig 
weights per litter and individual pig weights were plotted 
against each parity and litter size, within which they 
were computed. Only the means and variances of birth and 
42-day weights of the Duroc and Hampshire males are shown 
in Pig. 3, as the trends for the sexes and for 21-day 
weights were similar to those shown. 
From Fig. 3, it can be seen that the mean weights 
within litter size decreased as litter size increased. 
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The decrease in weight, with increasing litter size, is a 
biological function of litter size and is probably largely 
the result of competition for available nutrients. However, 
the relationship was not linear, and was not the same for 
the two breeds. The heaviest mean weights occurred at litter 
size two (litters of sizes 5 and 5) in the Durocs^ and at 
litter size three (litters of size 7 and 8) in the Hamp-
shires. The curvilinearity was also greater at birth than 
at weaning. Weight at birth also appeared to be more 
influenced by litter size than weight at 42 days, and the 
weights of Durocs appeared to be influenced to a larger 
extent than those of Hampshires by litter size. 
The error variances of the mean pig weight per litter, 
computed within litter size, decreased as litter size 
increased and, in general, followed the trend of the mean 
weights. Because the variance was a variance of a mean 
it was a function of 1/n^, where n was the number of a 
particular sex within each litter. The concomittant de­
creases of weight and variances of average pig weights 
per litter resulted in a correlation of r = 
0o283 at birth, and r = 0.416 at 42 days between them. 
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The error variances of the individual weights computed 
within litter size tended to increase as litter size in­
creased. They therefore appeared to be inversely related 
to the mean weight, but were less dependent than the average 
pig weight per litter on the mean weight (Fig. 3). However, 
the pooled correlations were ^ = .708 (significant at 
P < .01, 12 d.f.) and ^ = -.340 at birth and 42 days, 
respectively. The negative correlations could, in part, 
have been due to the way in which litter size was defined 
for this study. Due to the grouping of litter sizes the 
error variance actually had two separate sources of varia­
tion, viz., the variation due to full sibs, which is the 
true within-litter variance, and a portion due to the 
variation between litters of different sizes which were 
grouped together. If the two extreme litter size classes 
are considered, i.e., litter size one, comprising litters 
of sizes < 4, and litter size five, comprising litters 
of sizes ^ 11, the following could be expected: (a) 
the within litter variance of each litter of the litter 
size one class would tend to be small because competi­
tion between the offspring of a particular dam would not 
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be an important source of variation. The opposite to 
this would be true for large litters, i.e., those in 
the litter size five class, where competition would be 
important, would tend to have larger within-litter vari­
ances. (b) The between litter variance for a given 
litter size class would depend on the range of litter 
sizes and the average weight of each litter in that range. 
The relative frequency distributions of litters of dif­
ferent sizes for each of the parities for the Duroc and 
Hampshires are shown in Pig. 4. The distributions at 21 
and 42 days were very similar so that only the distribu­
tion at 21 days is shown, and it was assumed that the 
distributions for the sexes would be similar. The range 
of litters of different sizes in the litter size one 
remained stable in time, i.e., litters of sizes one to 
four were represented at birth and 21 days, while the 
range of the litter size five class was reduced at 21 
days. The weight distributions within each litter size 
class would also have changed with time, due to the loss 
of pigs, and may have been responsible for the differences 
in the trends of the variances of the two breeds. 
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Both the variances of the average pig weight per litter, 
and the individual pig weight per litter increased as parity 
increased, with the exception of the variance of the aver­
age weaning weight per litter of Hampshires (Fig. 3). 
The correlations between the variances of average birth 
weights per litter and average weight, and the variances 
of individual birth weights and average weights, were 
r = 0o540 and r = 0.575, respectively. The correlations 
at weaning between the variance of average weight per 
litter and average weight were ^ = 0.652 (Durocs) and 
r = -„580 (Hampshires), and r = 0.847 (significant at 
P < .01, 12 d. f.) for the correlation of individual pig 
weight with mean weight within parity. The increasing 
variances with increasing age may, in part, have been due 
to the unselected nature of the dams, i.e., sows were not 
culled on productivity after they produced their first 
litter, and the variation in lactating ability and func­
tional teats could be expected to increase with age. The 
distributions of litter size also varied more for older 
sows than for younger sows (Fig. 4), and would have had 
an influence on the weights, especially at 21 days. 
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Older sows tended to have larger litters at birth 
than the younger sows, but lost more progeny between birth 
and 21 days. Thus, sows of parity three and older had a 
large proportion of large litters (litters — 11) at 
birth, but at 21 days they had a large proportion of small 
litters ( 4). The loss of progeny of the old sows may, 
in part, have been due to the large litters, but could 
also have been due to the increased clumsiness associated 
with heavier weights. Poor lactating ability, as well as 
fewer functional teats may also have been responsible. 
The loss of progeny in the older Duroc sows appeared to 
be larger than those of comparable Hampshire sows, in 
both breeds, second parity sows were the most productive. 
Correlations between the mean pig weight per litter, 
litter size and parity were computed to obtain additional 
information on the relationship between them. The Model 
R]^ was used and litter sizes and parities were not grouped. 
The partial correlations are presented in Table 7. Cor­
relations at 21 and 42 days of age were very similar, so 
that only those at 42 days are presented. The birth 
weights of males were negatively correlated to litter 
Table 7: Partial correlations between litter size, parity and weights 
Trait Age 
Duroc Hampshire 
Sex (D.F.) Lit. Size Parity Lit. Size Parity 
Weight Birth M 
P 
- .086 
.015 
** 
.088** 
114** 
.025 
.080* 
.180** 
.158** 
42 D. M 
F 
.208** 
,302** 
.120** 
.043 
.253** 
,317** 
.183** 
.073* 
Lit. Size 
Birth 
42 D. 
M+F 
M+F 
.183** 
-.156** 
.198** 
-.127** 
*,** Significant at P < .05, and P <.01, respectively. 
^ All correlations had > 1000 degrees of freedom. 
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size, while those of females were positively correlated. 
Correlations between 42-day weights and litter size were 
all positive. Correlations between the weights and pari­
ties varied considerably, but were all positive. The 
correlations between litter size and parity were positive 
at birth, and negative at 42 days. 
The relationship between the weights, on the one hand, 
and litter size and parity on the other hand, are curvi­
linear (Pig. 3), and the linear correlations will there­
fore underestimate the relationship. For litter size 
and weight, the curvilinearity is the most pronounced at 
birth. 
The loss of pigs in large litters is usually greater 
than in smaller litters, and is primarily due to competi­
tion within a litter, it can be expected that the weak 
pigs in a litter would be most affected by competition. 
The within litter competition can therefore be regarded 
as a form of natural selection for fitness, which, for the 
purpose of this study, is defined only as the ability of 
the individual to survive to weaning. If fitness is a 
continuous variable and normally distributed, the selec­
tion intensity would be greater in large litters than in 
small litters. The relatively high positive correlation 
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at weaning, between mean weight per litter and litter size 
is therefore in part a reflection of the effectiveness 
of the natural selection for fitness. However, the sows 
with a superior mothering ability are probably also the 
sows with the capacity to raise large litters. 
In summary, the following evidence for the litter 
size by parity interaction was found: (a) The interaction 
effect was not uniformly distributed over the entire inter­
action space, and may have been different for the two 
breeds. (Fig. 2) (b) The interaction was of greater 
significance at weaning than at birth (Table 6). (c) 
When the interaction was omitted, only the two main effects 
that were involved were inflated (Table 4). (d) The use 
of mean weight per litter was effective in eliminating 
the significance of the interaction (Table 5). (e) The 
means and the variances of both mean weight per litter and 
individual pig weight within parities increased as parity 
increased (Fig. 3)„ (f) The means within litter size 
decreased as litter size increased, while there was a ten­
dency for the variance of individual weights to increase 
with litter size. On the other hand, the variance of mean 
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weights decreased as litter size increased and weight 
d e c r e a s e d  ( F i g .  3 ) .  
It therefore seems as if the decreasing variance of 
mean weight per litter,within litter size,offsets the in­
creasing variance found within parity. The opposing trends 
of the variance of mean weight per litter, therefore, 
appears to reduce the interaction effect to non-signifi-
cance. On the other hand, the variance of individual 
weights increases, both within litter size and parity, 
which may tend to inflate the interaction effect. The in­
flation of the main effects involved in the interaction 
upon omitting the interaction from the model may, in part, 
be due to the uneven distribution of the interaction 
effect. 
Due to the association of the variances and the weights 
within each of the litter size and parity main effects, 
estimates of the least squares constants for these main 
effects are not "best", i.e., they do not have minimum 
variance, but apparently are unbiased. The F tests for 
significance of these effects are therefore not complete­
ly valid,and must be regarded as approximate, at best. 
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The unbiasedness of the constants are, in part, confirmed 
by the similarity of constants estimated by the different 
models. 
Random effects 
The individual weights collected from the spring of 
1953 to the fall of 1967 were used for the analyses of 
random effects after the appropriate constants for the 
fixed effects were fitted. The least squares constants 
which were used were also estimated from data collected 
from the spring of 1963 to the fall of 1967, using the 
Model P^, and are shown in Fig. 5. 
Sire and dam components were obtained from the follow­
ing Model R^, after constants for sex, litter size, parity 
and the litter size by parity interaction were fitted; 
Xiikl = ^ + Yi + Si] + ^ ijk + ®ijkl 
where x^j%^ was the weight of the 1^^ pig, in the k^^ 
litter, from the sire, in the i^^ year-season-treat­
ment group^where i = 1,2 . . . 20. The weights were those 
taken at birth, 21 and 42 days of age of all pigs born 
alive, and also the weights of only those pigs that sur-
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vived to weaning, as well as the three possible combina-
tionra of the weights to obtain the covariances between 
them. 
The results of the analysis, the variance components 
and the coefficients for the expected mean squares are 
given in Table 8, while the components of covariance are 
given in Table 9. All effects were highly significant 
(P < .01), with the exception of the sire effects for 
birth weight of both breeds, and 21-day weight of the 
Hampshires. Year-season-treatment effects were generally 
similar for the breeds and smallest at birth and 21 days 
of age, and the largest at 42 days of age. 
A large loss of pigs occurred between birth and 42 
days (approximately 35%) and less between 21 and 42 days 
(approximately 2%), and the losses were very similar in 
both breeds. The birth weights of the survivors to 
weaning were significantly heavier (P < .01) than those 
of the group from which they originated. Although the 
21-day weights of the survivors were also heavier than 
the 21-day weight of the group from which they originated, 
Table 8: Analysis of variance and the coefficients for the expected mean 
squares for the estimation of the sire and dam components for 
birth, 21 and 42 day weights (Model R^) 
Duroc 
0 - 2  0 - 2  0 - 2  
Source of D.F. M.S. V.C. % w d s y 
variation 
Year-seas-trt(y) 19 
Sire/yst.(s) 216 
Dam/sire (d) 908 
Pig/dam(w) 11048 
Total 12191 
Year-seas-trt(y) 19 
Sire/yst.(s) 215 
Dam/sire (d) 851 
Pig/dam(w) 7074 
Total 8159 
Year-seas-trt(y) 19 
Sire/yst.(s) 214 
Dam/sire (d) 853 
Pig/dam(w) 6923 
Total 8009 
Birth 
15.9533** 
2.0389 
1.7436** 
0.3236 
0.4841 
21 Day 
158.249** 
25.135** 
18.700** 
5.497 
7.747 
Weight 
0.023 
0.004 
0.135 
0.323 
Weight 
0.325 
0.140 
1.805 
5.497 
42 Day Weight 
1169.39** 2.641 
111.49** 0.654 
81.90** 8.497 
20.92 20.920 
32.56 
4.7 1.0 11.54 58.91 606 .98 
0.8 1.0 11.24 50-97 
27.9 1.0 10.50 
66.6 1.0 
4.2 1.0 8.36 39.76 406 .39 
1.8 1.0 8.22 34.24 
23.2 1.0 7.32 
70.8 1.0 
8.1 1.0 8.20 39.12 398 .83 
2.0 1.0 8.06 33.76 
26.0 1.0 7.18 
63.9 1.0 
** Significant at P < .01 . 
Table 8:(Continued) 
Hampshire E.M .S. 
Source of 0- 2 0" 2 or 2 (T 2 
variation D.F. M.S. V.C. % w d s y 
Birth Weight 
Year-seas-trt(y) 19 13.0377** 0,019 4.7 1.0 10.71 57.98 607.80 
Slre/yst.(s) 219 1.6874 0.001 0.3 1.0 10.40 50.41 
Dam/sire (d) 990 1.5525** 0.133 33.6 1.0 9.81 
Pig/dcun (w) 10974 0.2438 0.244 61.4 1.0 
Total 12202 0.3958 
21 Day Weight 
Year-seas-trt(y) 19 100.485** 0.192 2.4 1.0 7 .88 38.91 402.22 
Sire/ysto(s) 217 22.628 -0.003 0.0 1.0 7.68 33 .65 
Dam/sire(d) 902 21.083** 2.231 27.8 1.0 6.94 
Pig/dam(w) 6944 5.597 5.597 69.8 1.0 
Total 8082 8.006 
42 Day Weight 
Year-seas-trt(y) 19 1479.63** 3.418 10.3 1.0 7.74 38.22 395.08 
Sire/yst.(s) 217 122.39** 1.005 3.0 1.0 7.55 33.06 
Dcun/sire (d) 903 82.28** 9.231 27.9 1.0 6.81 
Pig/dam (w) 6801 19.44 19.444 58.8 1.0 
Total 7940 32.90 
** Significant at P < .01. 
Table 9: The components of covariance for the sire and dam analysis for birth, 
21 and 42 days (Model R^) 
Components of Covariance 
Source of Durocs Hampshires 
variation D.F. B-21 B-42 21-42 D.F. B-21 3-42 21-42 
Year-seas-trt 
Sire/yst. 
Dam/sire 
Pig/dam 
19 0.076 
214 0.265 
846 0.144 
6881 0.633 
0.132 0.763 
0.187 0.155 
0.190 2.659 
1.103 8.558 
19 0.046 
217 -0.002 
900 0.230 
6780 0.482 
0.158 0.693 
0.021 0.172 
0.345 3.073 
0.806 7.941 
66 
this difference was not statistically significant. The 
weights were as follows: 3.02 lbs. and 3.23 lbs., and 2.85 
lbs, and 3.04 lbs. for the original and survivor birth 
weights of Duroc and Hampshires, respectively. These 
weight differences represented a 6% loss at birth and a 
1% loss at 21 days and were very nearly identical for the 
two breeds. This automatic or natural selection decreased 
the within litter variauice for birth weights of survivors, 
and thus had a tendency to increase the contribution 
of the other main effects. A comparison of the relative 
contribution of the variance components of the original 
groups and the surviving groups is given in Table 10. 
Components for sire first cousins (S.F.C.) and double 
first cousins (D.FoC.) were estimated from the following 
model Rjj/after the same constants as for Model had 
been fitted. 
^ijklm = P +yi + ®ij + dijk + kjkl + ®ijklm 
where the weight of the m^h pig in the 1^^ 
litter of the k^^ dam pair, and the sire pair in the 
i^^ year-season, and where i=l,2 . . .10. The descrip­
tion of the weights were exactly as given for Model R^. 
Table 10: Percentage of the variance contributed by the main effects for birth 
weight of all pigs and those that survived to weaning (Model R_^) 
Percentage Variance Components 
Source of Durocs Hampshires 
variation All Survivors All Survivors 
Year-seas-trt 
Sires/yst. 
Dams/sires 
Pig/dam 
4.7 6.9 
0 . 8  1 . 8  
27.9 31.7 
66 o 6 59 o 6 
4.7 5.9 
0.3 0.0 
33.6 37.3 
61.4 56.4 
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The results of the analyses, the variance components and 
the coefficients for the expected mean squares are given 
in Table 11. 
Sires within a sire-pair were full sibs and, similarly, 
dams within a dam-pair were full sibs. The variance com­
ponents for sire-pairs were, therefore, an estimate of the 
covariance between first cousins related by way of their 
sires (S-F.C.)» and the variance components for dam-pairs 
within sire pairs estimated the covariance between double 
first cousins (D.F.C.) less the S.F.C. component, i.e., 
full sib dams mated to full sib sires. The variance com­
ponent for litters within dam pairs estimated the covari­
ance between full sibs less the S.P.C. and D.F.C. com­
ponents . 
The effects of year-seasons and litters were all 
highly significant (P < .01). The effect of dam-pairs 
were significant (P < .05) at birth and 42 days for Durocs 
and 21 days for Hampshires, while the effect of sire-
pairs was only significant (P < .05) at 42 days for both 
breeds. 
By correcting the data for all the fixed effects, as 
in Models and R^, as well as year-season effects 
Table 11: Analysis of variance and the coefficients for the expected mean 
squares for the estimation of the sire first cousin and double 
first cousin components for birth, 21 and 42-day weights 
(Model R^) 
Source of 
var iation D.F. M.S. V. 
Duroc 
,C. %V.C. 
(T^ 
w 
cr 2 
d 
I 
to
 
Birth Weight 
9 11.7776** 0. 024 5.4 1.0 10.20 19 .63 55. 39 
75 1.7087 -0. 001 0 1.0 10.09 19 .34 49. 64 
1 141 1.7186* 0. 019 4.3 1.0 9.74 18 .71 
226 1.2931** Oo 111 25.0 1.0 9.08 
3834 0.2886 0. 289 65.3 1.0 
4285 0.4375 
21-Day Weight 
9 122.574** 0. 389 5.4 1.0 8.25 15 .70 36. 87 
70 20.013 0. 067 0.9 1.0 8.13 15 .32 33. 17 
107 16.692 0. 171 2.4 1.0 7.45 13 .72 
179 13.774** 1. 202 16.6 1.0 6 c 98 
2331 5 .391 5 . 391 74.7 1.0 
2696 7.167 
42-Day Weight 
9 890.46** 2. 946 9.2 1.0 8.25 15 .70 36. 87 
70 113.25* 1. 014 3.2 1.0 8.13 15 .32 33 o 17 
107 74.53* 0. 567 1.8 1.0 7 .45 13 .72 
179 63 .89** 6e 089 19.0 1.0 6.98 
2331 21.41 21. 412 66 c 8 
2696 31.63 
0"  
Year-seas.(y) 
Sire pr./ys.(s) 
Dam pr./sire pr 
Lit/dam pr. (1) 
Pig/lit. (w) 
Total 
Year-seas. 
Sire pr./ys. 
Dam pr./sire pr, 
Lit/dam pr. 
Pig/lit. 
Total 
Year-seas. 
Sire pr./ys. 
Dam pr./sire pr. 
Lit/dam pr. 
Pig/lit. 
Total 
418.54 
262.23 
262.23 
** Significant at P < .01. 
* Significant at P < .05. 
Table 11:(Continued) 
Source of 
variation D.F. 
Hcunpshires 
M.S. V.C. %V.C. 
cr  ^
w 
0-2 
e 
0-2 
d 
cr 2 
s 
0" 2 
Y 
Birth Weight 
Year-seas. 9 7.6524** 0.014 4.1 1.0 9.38 18-01 55-93 436.88 
Sire pr/ysc 86 0.9223 -0.011 0 1.0 9.17 17.58 45.11 
Dam pr/sire pr. 165 1.3507 0.014 3.9 1.0 8.82 16.67 
Lit/dam pr. 261 1.0474** 0.012 29.2 1.0 8.07 
Pig/lit. 3921 0.2203 0.220 62.8 1.0 
Total 4442 0.3395 
21-Day Weight 
Year-seas. 9 70.126** 0.173 2.5 1.0 7.71 14.38 36.43 270.34 
Sire pr/ys. 79 22.105 -0.023 0 1.0 7 .50 13 .90 30.15 
Dam pr/sire pr. 120 21.492* 0.411 5.9 1.0 7.04 12.56 
Lit/dam pr« 187 15.611** 1.654 23.9 1.0 6.60 
Pig/lit. 2353 4.684 4.684 67.7 1.0 
Total 2748 6 .877 6.923 
42-Day Weight 
Year-seas ^ 9 990.82** 3 .195 10.2 1.0 8 .25  15.70 36.87 262 .43  
Sire pr/ysc 79 118.04* 1.129 3.6 1.0 8.13 15.32 33.17 
Dam pr/sire pre 120 79.81 0.378 1.2 1.0 7.45 13.72 
Lit/dam pr. 187 71.60 8.016 25.5 1.0 6.98 
Pig/lit. 2353 18.65 18.650 59.5 
Total 2748 30 .96  
** Significant at P < .01. 
* Significant at P < .05. 
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(Fig. 5), the following Model gave estimates for the 
variance components of first cousins related by way of 
their dams (M.F.C.), as well as estimates for maternal 
half sibs (M.H.S.); 
* i j k i  =  r  + f i  +  d i j  +  l i j k  +  ® i j k i  
where was the weight of the 1^^ pig in the litter 
from the dam in the i^^ dam full sib group. The 
description;of the weights are as for Models and R^. 
The variance component estimate of the dam full sib 
group gave an estimate of the maternal first cousins 
(M.F.Co), while the dam component estimated the covariance 
between maternal half sibs (M.H.S.), less the M.F.C. 
component, and the litter component estimated the covari­
ance between full sibs (F.S.), less the M.F.C. and M.H.S. 
components» Only dams that had produced two or more 
litters were included in the analysis. 
The results, the variance components and the co­
efficients for the expected mean squares are given in 
Table 12. The contribution of all sources of variation 
were significant (P < .01) with the exception of the dams 
within full sib pairs which were just significant (P < .05). 
Table 12: Analysis of variance sind the coefficients for the expected mean 
squares for the estimation of maternal first cousins and maternal 
half sibs components for birth, 21 and 42-day weights 
(Model R^) 
Source of Duroc (T  ^ 0:2 (T^ (T 2 
variation D.Fo M.S. V.C. %V.C w 1 d f 
Birth Weight 
F-S.(dams) (f) 114 3 .5448** 0.026 5.5 1.0 10.1 30.9 66.5 
Dams/ P.S. (d) 172 1.7251** 0-030 7.0 1.0 9.6 23.9 
Lit/dams (1) 490 1.0382** 0.0747 17,6 1.0 9.9 
Pigs/lito (w) 6902 0.2969 0.2969 69.9 1.0 
Total 7678 
21-Day Weight 
F.S.(dams) 111 36.533** 0.229 3.4 1.0 7.9 22.6 48.7 
Dams/F.S. 164 22.142** 0.660 9.7 1.0 7.6 17.9 
Lit/dams 459 10.125** 0.669 9.8 1.0 7.3 
Pigs/lit c 4743 5.236 5.236 77.1 1.0 
Total 5477 
42-Day Weight 
F.S.(dams 111 270.14** 3.038 9.0 1.0 7.9 22.6 48.7 
Dams/F.S. 164 112.26** 1.612 4.8 1.0 7.6 17.9 
Lit/dams 459 81.22** 8.274 24.6 1.0 7.3 
Pigs/lit c 4743 20.74 20.74 61.6 1.0 
Total 5477 
** Significant at P < .01. 
* Significant at P < .05. 
Table 12:(Continued) 
Hampshires , o ? ^ ? 
Source of rr (T 0" (T 
variation D.F. M.S. V.C. %V.C. w 
Birth Weight 
FoS.(dams) 110 3 .0482** 0.011 3.3 1.0 9.4 31.4 68. 5 
Dams/F.S. 180 1.8400** 0.045 13 c 3 1.0 8.8 22.9 
Lit/dams 574 0.7919** 0.065 19.1 1.0 8.7 
Pigs/lit. 6769 0.2206 0.2206 64.3 1.0 
Total 7633 
21-Day Weight 
F.S. (dams) 106 50.129** 0.429 6.0 1.0 7.4 22.8 49. 9 
Dams/F.S. 167 24,806** 0.674 9.5 1.0 7.1 17.4 
Lit/dams 513 12.456** 1.154 16.2 1.0 6.6 
Pigs/lit. 4569 4.850 4.850 68.2 1.0 
Total 5355 
42 -Day Weight 
F.S.(dams) 106 195.87** 1.970 6.7 1.0 7.4 22.8 49. 9 
Dams/F.S. 167 90.22** 1.018 3.4 1.0 7.1 17.4 
Lit/dams 573 68.58** 7.513 25.4 1.0 6.6 
Pigs/lit. 4569 19.08 19.08 64.5 1.0 
Total 5355 
** Significant at P < .01. 
* Significant at P < .05. 
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The regression of the individual weights of the progeny 
on the weight of the daun were computed after correcting 
for all fixed effects as under Model R^, and the regres­
sions, together with their standard errors, are given in 
Table 13. 
The weights of the dams were 3% heavier than those of 
their "unselected" progeny. All other weights, including 
the selected (survivors to weaning) birth weights were very 
similar to those of their dams at the same ages. The 
standard deviations of the dam weights were less than those 
of their progeny at comparable ages, but the difference 
was the largest for the unselected progeny. 
The genetic expectations of the variance component 
estimates are given in Table 14. Epistatic effects are 
not shown, and were assumed to be negligible. The intra-
class correlations for the relationships given in Table 14, 
and their standard errors, are given in Table 15. 
The relative within litter variances obtained from the 
three hierarchial analyses of variance tended to be 
similar within breeds, especially at birth. However, the 
estimates obtained for the Durocs varied more and were 
Table 13: The regression of offspring on dam (on and edaove the diagonal) , and 
the regression of dam on offspring (below the diagonal) for weights 
at birth, 21 and 42 days of age, and their standard errors 
Progeny 
Duroc 
Daun Birth 21 Days 42 Days 
S.E. S.Eo S.E. 
Birth 
21 days 
42 days 
.102 
.013 
,0071 
.0188 
.0038 
,0018 
.234 
.012 
.006 
.087 
.0177 
.0079 
.492 
.036 
.085 
.206 
,0420 
,0192 
Hampshire 
Birth 
21 days 
42 days 
.070 
.001 
.007 
.0200 
.0039 
,0020 
.261 .1063 
.006 .0202 
.039 .0100 
,099 
,059 
,014 
.207 
.0396 
.0201 
Table 14: The genetic expectations of the analysis of variance and the dam 
offspring regression 
Source of 
variation 
Relation-® 
ship 
Genetic and environmental components 
AO DO AoAm Am DoDm Dm B 
Model 
Sires/ys. PoH.Sc .250 0 0 0 0 0 0 
Dams/sires D2UQ .250 .250 1 1 0 1 1^ 
Pigs/dams Win lit. .500 .750 0 0 0 0 iw 
Model 
Sire prs. S.P.C. .125 0 0 0 0 0 0 
Dam pr/sire pr. D.P.C. .125 .125 .5 c 5  0 .25 0 
Lit/dam pr. Dam .250 .125 .5 .5 0 .75 1^ 
Pigs/lit Win lit. .500 .75 0 0 0 0 l" 
Model (Rc) 
Dam prs. M.P.C. .125 0 .5 .5 0 .25 0 
Dcuns/dam prs. McH. S c  .125 0 .5 .5 0 .75 
Lits/dams Dam .250 .25 0 0 0 0 1^ 
Pigs/lits. Win lit. .500 .75 0 0 0 0 1^ 
^O.D. 
Dam-offspc .500 0 1.25 .5 1 0 0 
PcH.S. = paternal half sib, S.F.C. = first cousin by way of sire, 
D.F.Cc = double first cousin, MoFcCc = first cousin by way of dam 
MoH.S. = maternal half sib. 
AO = variance due to direct additive effects 
Do = variance due to direct dominance effects 
AoAm = covcuriance between direct and maternal additive effects 
Am = variance due to maternal additive effects 
DoDm = covariance between direct and maternal dominance effects 
Dm = variance due to maternal dominance effects 
E = variance due to 
t - variance due to 
P = var iance due to 
w = variance due to 
Table 15: Intra-class correlations computed from the analysis of variance, 
with their standard errors 
Relation- Birth Weight 21-Day Weight 42-Day Weight 
sh ip tjQ S c E * t^ S » E * ^D S • E o tg S • E « t^ S o E c t^ S • E • 
P.H.S. 
2 
(a) .008 .0026 .003 .0021 .019 .0044 .001 .0028 .022 .0047 .034 .0056 
M.H.S. (c) .070 .0086 .133 .0125 .097 .0116 .095 .0118 .048 .0084 .034 .0077 
D.F.Co (b) .045 .0088 .040 .0084 .025 .0099 .061 .0128 .020 .0094 .013 .0090 
S.F.C. (b) 0 .0031 0 .0034 .010 .0064 0 .0051 .035 .010 .040 .0106 
M.F.C. (c) .055 .0088 .033 .0062 .034 .0075 .060 .0103 .090 .0134 . 066 .0110 
Dam (a) .292 .0111 .353 .0115 .241 .0002 .299 .0127 .283 .0128 .311 .0128 
(b) .264 .0179 .305 .0180 .176 .0193 .246 .0205 .209 .0203 .284 .0213 
(c) .176 .0114 .191 .0116 .098 .0115 .162 .0129 .246 .0150 .254 .0147 
W ' in 
lit « (a) .699 .0132 .644 .0151 .739 .0120 .715 .0129 .695 .0140 .655 .0156 
(b) .690 .0218 .655 .0228 .789 .0168 .694 .0235 .736 .0210 .662 .0260 
(c) .699 .0161 .643 .0182 
i 
.771 .0129 .682 .0173 .616 .0215 .645 .0194 
tg and tjj are the intra-class correlations of Durocs and 
Hampshires, respectively. 
^ (a), (b) and (c) refer to the Models R^, Rj^ and R , and the genetic ex­
pectations for the relationships were given in Table 14. 
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larger than those for the Hampshires. The largest estimates 
were those for 21-day weights, while estimates for birth 
and 42-day weights were similar. 
Fttll sib components estimated from Model were the 
largest, and those from Hampshires were larger than from those 
of Durocs. The relative size of the full sib components 
appeared to be related to their genetic expectations (Table 
14). 
Estimates of heritabilities (h^) were obtained from 
the intra-class correlations which were free of environ­
mental effects, and from the dam-offspring regressions and 
are given in Table 16. Where the genetic expectations of 
the numerator contained covariance terms, which could be 
negative, estimates of heritability less than zero are 
shown. However, where no causal covariance terms were 
present, negative estimates were regarded as being due to 
sampling error and are shown as zero. Approximate standard 
errors of the heritability estimates may be obtained by 
multiplying the standard errors of the appropriate intra-
class correlations by the same constant as that used to 
obtain the estimate. 
Table 16: Heritability estimates of Duroc (D) and Hampshire (H) swine, estimated 
from four independent analyses 
4(P.H.S«) 4(D.FeC.+S.FoC.) 8(M.F.C.} 2 b o.D. 
Weight D HDHDHDH
Birth 0.034 0.012 0.180 0,162 0.443 0.266 0=204 0.140 
21-Day 0.075 0.004 0.100 0.249 0.270 0.483 -0.024 0.012 
42-Day 0.087 0.135 0.078 0.054 0.722 0.533 0.170 0.028 
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Heritability estimates containing maternal effects 
were considerably larger at birth than those obtained from 
the P.H.S. relationships, which included only additive 
effects (h^ in the narrow sense). With the exception of 
estimates obtained from the M.P.C. components, these dif­
ferences tended to become smaller at weaning. The excep-
2 tionally large h estimates obtained from the M.P.C. com­
ponents could be due to the large contributions from the 
maternal genetic effects (4Am + 4AoAm + 2Dm) as well as 
much larger error. Estimates of h obtained from the M. 
FoC. components were larger than those from dam-offspring 
regressions (b„Q.jj.) which contained less maternal genetic 
effects, as well as a different ratio of variance to co-
variance terms involving the genetic maternal effects. 
Estimates of h^ from bg^^ were the largest at birth. 
The matrix of coefficients of the genetic expecta­
tions (Table 14) were singula^ and simultaneous solutions 
for these effects could therefore not be obtained by 
equating them to the observed covariances. However, by 
combining various estimates, approximate solutions for 
most of the effects were obtained. The intra-class cor­
relations and the regression coefficients were used in 
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preferance to the actual covariances because these estimates 
were standardized by their phenotypic variances. Estimates 
of some maternal genetic and environmental effects which 
are described below are given in Table 17. 
(i) D.F.C. - S.F.C. = 0.5 Am + 0.5 AoAm + 0.125DO+ 
0.25Dm 
This estimate contained equal proportions of Am and AoAm. 
In general, it was largest at birth and declined to become 
negative at 42 days. The reasons for this could be: (a) 
Am and AoAm are both positive, but become increasingly 
small at weaning so that the negative values are due to 
chance, or (b) AmAo could be negative and be increasing 
relative to Am. If AoAm is negative at birth, its absolute 
value appears to be very small and becomes increasingly 
negative with an increase in age. The relationship bg ^  -
2PoH.S. = 0.5Am -f 1.25AoAm + DoDm yielded roughly similar 
results to those of (i). 
(ii) b^ ^  - (P.H.S.+S.F.C.-Wl.P.C.) = 0.75AoAm+ 
DoDm — 0.25Dm 
If dominance deviations are small, then (ii) is a good 
approximation for 0.75AOAm. Estimates at birth were again 
the largest and positive, and the pattern for the two 
Table 17: Various estimates of genetic and environmental maternal effects of 
Duroc (D) and Hampshire (H) swine 
Birth Weight 21 -Day Weight 42-Day Weight 
D H D H D H 
(i) .045 -040 .015 .061 -.015 -.027 
(ii) .038 .034 -.075 -.055 -.062 -.154 
(iii) .118 .076 .025 .008 .129 .081 
(iv) .015 .099 .063 .034 -.042 -.032 
(v) .219 .264 .141 .185 .155 .231 
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breeds similar to (i). This indicates an increasing 
negative influence of AoAffi. If the estimate for D.P.C. 
is substituted for M.F.C., the genetic expectation for 
(ii) becomes 0.75 AoAm - 0.125DO - 0.25 Dm + DoDm and this 
estimate was very similar to (ii). indications are there­
fore that 0.125DO and 0.25Dm and thus DoDm were small. 
D.F.C. - M.P.C. = 0.125DO was approximately zero, or 
negative, confirming that 0.125DO is very small. 
(iii)bo Q +2P.H.S.=Ao+1.25AoAm+0.5Am+DoDm. 
Estimates at birth and 42 days were similar, and 
those at 21 days were the smallest for both breeds. Es­
timates for the Durocs were larger than those of the 
Hampshires, at all ages. 
(iv) M.H.S. - M.F.C. = 0.5 Dm + Emp 
Estimates for both breeds were negative at weaning, which 
may indicate that Emp is equivalent to a covariance be­
tween two maternal environments, separated in time. 
Estimates at the other ages were small, but positive, 
(v) Dam (b) - D.P.C. - S.P.C. = 0.5Dm + Emt 
Assuming 0.5Dm to be small, Emt is largest at birth and 
smallest at 21 days, but remains the most important maternal 
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influence on weight. Dam (a) - D.F.C. - M.F.C. = 0.125 
Do + 0.5Dm + Emt gave very similar results to (v). 
The phenotypic, genetic and environmental correlations 
are presented in Table 18. The variance and covariance 
components from all three hierarchial analyses of variance 
were used to obtain estimates of the phenotypic and genetic 
correlations, and genetic correlations were also estimated 
from the dam-offspring regressions. For the genetic cor­
relations, the components from the hierarchial analyses of 
variance which had expectations free of environmental effects 
were used. Thus, from Model R the sire components, from 
Model the D.F.C. + S.F«C»components, and from Model 
the M.FuC. components were used. The genetic expectations 
of each set of genetic correlations therefore differed 
(Table 14). 
The phenotypic correlations for the breeds were simi­
lar. Correlations between 21 and 42-day weights were the 
largest, and those between birth and 42-day weights the 
smallest. The smaller correlations between birth and 42-
day weights are probably largely due to them being furthest 
removed in time, but could also be due to the genetic re­
lationship between them being small. 
Table 18: Phenotypic (P) , Genetic (G) and Environmental (E) correlations estima-
ted from the three analyses of variance Models and the deun-off spring 
regressions 
Trait Duroc Hampshires 
21 D. 42 D. 21 D. 42 D; 
Birth P (a)* 0.528 0.417 0.516 0.423 
(b) 0.468 0.370 0.438 0.370 
(c) 0.537 0.389 0.509 0.415 
G (a) 0.884 0.287 -3.101 0.649 
(b) 1.197 0.313 -0.536 -0.189 
(c) 0.655 0.151 0.199 0.464 
(d) — 0.634 — 
E (a) 0.787 0.427 0.520 0.457 
(b) 0.359 0.383 0.688 0.435 
(c) 0.486 0.771 0.711 0.410 
21 D. P (a) 0.782 0.758 
(b) 0.835 0.756 
(c) 0.739 0.769 
G (a) 0.522 1.897 
(b) 0.630 0.952 
(c) 0.380 0.764 
(d) — 
E (a) 0.805 0.769 
(b) 0.856 0.766 
(c) 1.268 0.776 
•Letters (a), (b) , (c), (d), refer to Models R(a)' ^ (b) ' ^(c) 
bg ^  respectively. 
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It was possible to obtain most estimates of the genetic 
correlations involving birth weight of the Durocs. However, 
this was not possible for the Hampshires, due to zero or 
negative estimates of some of the variance components. 
Estimates obtained from the different analyses were in agree­
ment for each breed, and were probably within the limits 
of the sampling errors. Correlations for the Durocs be­
tween weights at birth and 21 days was the highest, followed 
by those between 21 and 42-day weights. 
The differences in these correlations could have been 
due to time trends as mentioned for the phenotypic correla­
tions, but are most likely due to genetic differences be­
tween these weights. Estimates of the genetic correlations 
involving birth weights of the Hampshires varied largely, 
while the correlations between 21 and 42-day weights were 
similar to those obtained for the Durocs. The causes of 
the large variations of the genetic correlations involving 
the birth weights did not appear to be related to the 
maternal genetic components, but may have been due to the 
very small eimount of additive genetic variance present for 
birth weight. 
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The environmental correlations were computed from the 
phenotypic and genetic correlations, and the heritabilities. 
The expectations of the environmental correlations, therefore, 
contained some genetic effects which were not removed by 
the genetic relationships. With the exception of the cor­
relation between birth and 21-day weights, the environ­
mental correlations followed the same pattern as the pheno­
typic correlations and, in general, were similar in magni­
tude. The relationship between the phenotypic and environ­
mental correlations was to be expected, as the phenotypic 
correlations were the largest component involved. The 
differences between the phenotypic and environmental cor­
relations involving birth and 21-day weights is largely due 
to the variability of the genetic estimates. 
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DISCUSSION 
The effect of year-seasons on the weights were,in general 
agreement with those found by other workers (Lush, et al., 
1934; Bywaters, 1937; Fredeen and Plank, 1963 and Cox, 
1967). However, birth and 21-day weights were less influ­
enced by year-season effects than 42-day weights. This was 
probably due to the fact that as pigs became older, they 
were less dependent on their dams and therefore influenced 
directly to a greater extent by environmental influences 
associated with seasons. The constants obtained for birth 
weight (Fig. 5) were also in close agreement with those 
found by Cox (1967) for the sama data. 
The contribution of sex to the variance of weights was 
significant at birth and 21 days, and was in close agreement 
with the results of Hetzer (1931), Lush, et al. (1934), 
Bywaters (1937), Craig, et al. (1956), and Fredeen and 
Plank (1963). The lighter female birth weight could have 
been caused by intra-uterine competition between the sexes 
for space and nutrients. However, the sex by litter size 
interaction for birth weight was not significant. A specific 
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antagonism between the dam and the female fetuses could 
also be responsible for the birth weight differences. The 
lack of competition or maternal antagonism post-partum 
allowed the females to express their growth potential which 
appeared to be at least equal to that of the males and 
obscured the small birth weight differences at weaning. 
The effects of litter size on birth weight were similar 
to those reported in the literature (Lush, et al., 1934; 
Hetzer, 1931; and Fredeen and Plank, 1963) for Hampshires, 
but the effect on Durocs' birth weight was slightly larger. 
However, at weaning the estimates for the effect of litter-
size on Duroc weight was in agreement with the 3% of 
Bywaters (1937), but those of Hampshires were less. Es­
timates for both breeds were less than the 6.7% reported 
by Fredeen and Plank. The fact that the estimates of the 
present study were in fairly close agreement with those 
reported in the literature could indicate that no serious 
bias was introduced by grouping the litter sizes. 
The large decline in the effect of litter-size on 
weight post-partum, associated with a large loss of pigs, 
especially in the larger litters, indicates that competition 
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is, in part, responsible for the effect of litter size on 
birth weight. This is in agreement with the conclusions of 
Lush, et al., (1934). The trends of the effects of litter 
size from birth to 42 days for the two breeds were similar, 
but litter size was more important in Durocs than in Hamp­
shires. The average litter size of Durocs at birth was 
larger than that of Hampshires, but was approximately the 
same at 21 days, and this may have had a bearing on the 
trend. 
Cox (1967) found the relationship between birth weight 
and litter size to be linear. In the present analysis, 
the largest portion of the variance of litter size was ac­
counted for by the linear regression, but the quadratic 
effect was also significant. From Fig. 5 it can be seen that 
the relationship is slightly curvilinear, which is similar 
to the results of Hetzer (1931) and Lush, et al. (1934). 
For the Hampshires, litters of sizes 1 to 4 (litter size 
one as defined for this study), were lighter than those of 
litters of size 5 plus 6 (litter size 2), making the curvi­
linear ity of the Hampshires greater than that of the Durocs, 
and this difference was largest at weaning. 
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The correlations between birth weight and litter size, 
corrected for parity, differed largely from those reported 
by Lodge, et al. (1961), and only those of the males were 
negative. All the correlations between weights at 21 and 
42 days were positive. Lodge, et al., (1961) used only 
the first three litters of sows of the Wessex saddleback 
breed, and the average litter size was larger than those 
of the present study. However, these factors alone do not 
appear to adequately account for the large differences in the 
correlation coefficients found. 
The portion of the variance contributed by parity was 
less than that reported for age of dam by Nordskog, et al. 
(1944). This difference could have been due to a litter 
size by parity interaction, similar to that found in this 
study, which was not accounted for in their model. The 
fact that the largest differences occurred between the 
weights of gilt litters cind litters from older dams agrees 
with other reports (Bywaters, 1937; Lush cind Molln, 1942; 
Korkman, 1947 and Cox, 1967). 
Lush and Molln (1942) indicated that a perfect age 
correction would have to be multiplicative, and Korkman 
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(1947) found that the variance of birth weight increased 
with parity. The curvilinear effect of parity and the 
increased variance with increased parity found, is in agree­
ment with the results of these authors. The effect of parity 
in the Durocs was more curvilinear than that in the Hamp-
shires, and this was probably the cause of the breed by 
parity interaction found by Park (1954) for these two 
breeds. 
The dependency of the variance on the mean pig weight 
within parity could be due to a non-normal distribution of 
weights within each parity (Cochran, 1947), but the exact 
cause is not known. A transformation of the weights may 
therefore be necessary to eliminate this dependency, but 
could change the relationship between weight and litter 
size. King and Gajec (1969) found that the use of average 
weight per litter was a very good allowance for the effect 
of litter size on total birth weight. The use of average 
pig weight per litter was highly effective in removing the 
litter size by parity interaction in the present study. 
However, it appears that such an adjustment is probably 
due to the decrease in the variance with the increase 
in litter size and the advisability of such a trans-
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formation is questionable. 
The relationship between litter size, birth weight 
and survival, reflected in the higher birth weight of sur­
vivors is in agreement with the results of Winters, et al. 
(1947), Lodge, et al. (1961) and McBride, et al. (1964). 
The positive correlations between litter size and weight at 
21 and 42 days is probably due to the higher natural 
selection intensity in large litters at birth, and not 
genetic in origin. 
The grouping of litter sizes and parities in this 
study did not appear to seriously bias the results in 
comparison to those of other studies. However, a more 
optimum grouping than the one used and the alternative of 
using all available levels probably exists. 
The relative within litter variances from the hier-
archial analysis of variance were higher than those reported 
in the literature (Lush, et al., 1934; Bywaters, 1937; 
Baker, et al., 1943; Nordskog, et al., 1944; Krider, et al., 
1946, and Craig, et al., 1956). The reasons for this may 
have been that the absolute variation was reduced by the 
correction factors used and, thus, the within litter variance 
was increased relative to the other components. On the 
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other hand, it may have been due to the failure of the 
constants to effectively correct for the fixed effects, 
especially litter size and parity, which may, in part, 
have been due to the grouping. Also, the sows were un-
selected and the number of functional teats in the herd 
could have varied, which would have increased the within 
litter variance (Bywaters, 1937; Korkman, 1947; Lodge and 
McDonald, 1959, and McBride, et al., 1965). The fact 
that litters were reared separately, which is not the 
normal practice for swine, may also have been a contribu­
ting factor. However, such a form of management would 
only have affected 21 and 42-day weights, in comparison to 
the normal management practices, but could not have had any 
significant influence on birth weights. 
The portions of the variances due to the covariance 
between full sibs obtained from the Model were smaller 
them those reported by Lush, et al., (1934), Baker, et al., 
(1943), and Krider, et al. (1946), but were similar to 
those obtained by Nordskog, et al. (1944), Dickerson and 
Grimes (1947), Willham and Cox (1961) and Cox (1957), at 
birth. At 21 days the values were less than those found 
by Baker, et al. (1943), Nordskog, et al. (1944), Krider, 
et al. (1946), and Willham and Cox (1961), but were similar 
to those found by Craig, et al. (1956). At 42 days, they 
were less than those found by Bywaters (1937), Baker, et 
al. (1943), and Willham and Cox (1961), but similar to those 
found by Nordskog, et al. (1944), Krider, et al. (1946), 
Cockerham (1952), and Craig, et al. (1956). Although there 
was agreement with some of the estimates from the litera­
ture, the present estimates tended to be smaller. Over or 
under-correction for litter size and parity would have 
influenced the between litter component, while the manage­
ment would have influenced the estimates at 21 and 42 
days. 
Maternal half sib correlations at birth and 21 days 
were smaller than those reported by Hetzer (1942) and King 
and Gajec (1969), for birth weight, and Hetzer (1942) for 
21 day weight. Maternal half sib correlations for 42 day 
weights were similar to that found by Korkman (1947), less 
than that found by Lush and Molln (1942), and much less than 
that of Hetzer (1942)„ Lush and Molln (1942) blocked their 
data, while in the present analyses, correction factors were 
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applied for year-seasons, and all dams with two or more 
litters were included. If sows tended to produce a heavy 
litter one season and a light one the next, e.g., first 
and second litters, a negative covariance between Emp^ and 
Emp2 could existu This, in fact, seems to be the case for 
weaning weight in the present data. 
Heritability estimates obtained from the paternal 
half sib correlations were within the range of those quoted 
in the literature (Hetzer, 1942; Baker, et al», 1943; 
Nordskog, et al», 1944; Krider, et al., 1946; Korkman, 
1947; Craig, et al», 1956 and Cox, 1967). However, 
estimates at 21 and 42 days tended to be smaller than the 
average given in the literature„ Cox (1967) found evidence 
of very little additive genetic variance for birth weight, 
and also that the genetic control was significantly dif­
ferent for the two breeds, which is in agreement with the 
present results. He also concluded that if the genotype 
of the fetus influenced its birth weight, the frequency 
of the genes must nearly be 1„0„ The present evidence 
also points to a difference between the breeds for additive 
2 genetic variance. The very small h estimates, especially 
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of the Hampshires' at birth and 21 days may also have been 
due to high gene frequencies as postulated by Cox (1967). 
Heritabilities obtained from the dam-offspring re­
gressions also fell within the range of those obtained 
from the literature (Bywaters, 1937; Nordskog, et al., 1944; 
Dickerson and Grimes, 1947; Blunn and Baker, 1949, and 
Cockerham, 1952). Breed differences in the genetic control 
of all the weights were also apparent in these estimates. 
No estimate of Am alone was obtained. However, 
assuming the dominance deviations to be small, the evidence 
pointed to the fact that at birth Am was the most important 
genetic influence, and that AoAm was positive or very small, 
if it was negative. AoAm became negative with increasing 
age or weight of the progeny and relatively more important 
at weaning than Am. Willham and Cox (1961), using the 
initial portion of the same data, which was not utilized 
for this study, found similar evidence. The negative 
estimates of AoAm agrees with those found for swine (Dick-
erson, 1947; Dickerson and Grimes, 1947; Bradford, et al,, 
1958, and Willham and Cox, 1961), and for other species 
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(Chapman, 1946; Falconer, 1955; Koch and Clark, 1955; 
DePries and Touchberry, 1951; Everett and Magee, 1955; 
Young cuid Legates, 1955; Hill, et al., 1955; Deese and 
Koger, 1957, and Brown and Galvez, 1959).  
The fraction of the selection differential that would 
be realized if selection were on the phenotype of the 
individual was defined as the regression of the additive 
genetic value of the individual on his own phenotype. 
For traits influenced by maternal effects, this was shown 
to be Ao+1.5AoAm+0.5Am (Dickerson, 1947, and Willham, 
1963). The closest approximation to this obtained from 
the present data was Ao+1.25AoAm+0.5Am+DoDm. Assuming 
DoDm=0, this approximation should only underestimate AOAm 
by 0.25. At birth, the estimates were larger than h^ 
estimates obtained from the paternal half sib correlations, 
but were less than those containing a larger portion of 
the maternal genetic components. At 21 days of age, the 
estimates were the smallest. 
If the heritabilities and the various estimates of the 
maternal effects are compared, the following generalizations 
seem to be valid; (a) The direct additive genetic effects 
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(Ao) are small at birth, but tend to increase to weaning, 
(b) The additive genetic maternal effects (Am) appear to 
be relatively more important at birth than at later ages, 
and, (c) AoAm does not appear to be important at birth and 
may even be positive, but becomes increasingly important 
and negative as Ao increases. Weight at 21 days appears 
to be a critical weight at which Am loses its relative 
importance euid Ao and AoAm gain in relative importance. 
This is in agreement with the conclusions of Willham and 
Cox (1951) who found the likeness among full sibs to 
decrease in importance from 14 to 42 days. 
It is possible that the additive maternal effects 
influencing birth weight are not the same as those in­
fluencing later weights which are dependent on the lac-
tating ability of the dam. The amount of direct and 
maternal additive genetic variance of the two breeds also 
appeared to differ at the various ages. Evidence from the 
genetic correlations obtained from the paternal half sib 
Components, in general, supported the evidence from the h 
estimates that the two breeds differed with respect to the 
amount of additive genetic variance present at the earlier 
ages. 
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Robertson (1955) distinguished between overall genetic 
correlations and additive genetic correlations and in 
Lush's (1940) terms they could be thought of as genetic 
correlations in the narrow and broad sense. The genetic 
correlations obtained from the relationships involving 
maternal and other genetic components contain a complex 
function of variance and covariance terms. However, in 
view of the fact that the covariance between the phenotype 
and genotype of an animal, for traits influenced by maternal 
genetic components, includes maternal effects (Dickerson, 
1947 and Willham, 1963), these genetic correlations are 
meaningful. 
102 
SUMMARY 
The relationship between litter size, parity and 
weights under maternal influence appeared to be complex. 
Dependencies between the means and variances within litter 
sizes and parities were apparent, and some form of trans­
formation appeared necessary to eliminate these. Mean 
weight per litter effectively reduced the interaction 
between litter size and parity to non-significance, but 
the statistical validity of such a transformation is 
doubtful» 
Three separate hierarchial analyses and the regression 
of offspring on dam weights gave a number of more or less 
independent estimates of the genetic parameters for the 
population studied. Heritability estimates fell within 
the remge of those reported in the literature. Additive 
genetic maternal effects appeared to be relatively more 
important at birth than at weaning, while direct additive 
genetic effects were more important at weaning. A negative 
covariance between the direct and maternal additive effects 
became more apparent at weaning. 
103 
The covariance between the total additive genetic 
effects and the phenotypic value of the individual was 
similar at birth and weaning, but very small at 21 days 
of age. However, the genetic correlations between weight 
at birth and 42 days were relatively small. This could 
have been due to the genetic effects affecting birth 
weight being different from those affecting weights during 
lactation. Permanent environmental effects were small 
and may even have been negative at weaning. 
The sampling errors of estimates were relatively 
small due to the large number of groups and animals in­
volved. However, breed differences for some of the 
genetic estimates were apparent and these results may not 
apply to other populations of different genetic composi-
tions. 
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